The relationship between herpes simplex virus (HSV) DNA replication and establishment of latent infection was examined using an experimental model that makes use of the segmental sensory innervation of mouse flanks (T7 to T12). Ganglia from consecutive thoracic segments of C57BL/10 mice latently infected with a virulent strain ofHSV-1 (SC16) were compared with respect to (i) HSV DNA levels, (ii) latency-associated transcripts (LATs) and (iii) numbers ofLAT + neurons. In concordance with previous results, two patterns of virus persistence were detected distinguished by either a low (D0 to 23) or high (approx. 200) number of viral genomes/LAT + neuron. The high copy pattern was associated, anatomically, with ganglia directly innervating inoculated skin (T7/8). Paradoxically, the highest number ofLAT + neurons and the highest concentrations of LATs were detected in spinal segments (e.g. T10) containing the lowest number of viral genomes, implying that most of the latent SC 16 DNA detected at T7 and T8 was transcriptionally repressed. When neuronal amplification of HSV DNA during the establishment phase was prevented by infecting mice with a viral thymidine kinase deletion mutant (TKDM21), the high copy pattern was eliminated and each LAT + neuron contained, on average, 22 TKDM21 genomes. We conclude that input (i.e. unamplified) and progeny (i.e. amplified) DNA sequences persist in the peripheral nervous systems of mice infected with SC16. Structurally, latent TKDM21 DNA lacked free genomic termini, consistent with persistence of input DNA in an integrated or circular episomal configuration.
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Herpes simplex virus (HSV) persists in sensory ganglia of the peripheral nervous system (PNS) in a latent nonreplicating state (Stevens & Cook, 1971) and substantial evidence implicates primary sensory neurons as the major reservoir of infection. For instance, virus-encoded RNA molecules [latency-associated transcripts (LATs)] accumulate to high levels in neuronal nuclei (Stevens et al., 1987) and neurons are the first cell type in which HSV gene expression is detected during reactivation (McLennan & Darby, 1980) . The point at which the molecular pathways leading to productive and latent infection diverge, and the related issue of whether viral DNA is amplified during establishment of latency, have been objects of speculation for many years. Replication-defective strains of HSV, including mutants unable to express viral genes associated with productive infection, have been useful in addressing these issues (Clements & Stow, 1989; Leib et al., 1989; Leist et al., 1989; Dobson et al., 1990; Kosz-Vnenchak et al., 1990; Steiner et al., 1990) . By this approach, it has been convincingly shown that viral gene expression is not a prerequisite for establishment of latency but under these conditions, direct detection, quantification and structural characterization of latent DNA by conventional Southern hybridization has, to date, been problematic (Efstathiou et al., 1989; Tenser et al., 1989; Friedrich et al., 1990; Katz et al., 1990; Valyi-Nagy et al., 1991) . These data imply that the pathways leading to productive and latent infection diverge at a very early stage, before amplification of viral DNA. Paradoxically, ganglia removed either from experimental animals inoculated with virulent virus or from HSV-seropositive humans contain a strikingly large number of viral genomes, in the order of 0.1 to 1.0 copies per cell (Rock & Fraser, 1983; Efstathiou et al., 1986) . About 10 % of ganglionic cells are neurons 0001-2347 © 1994 SGM (Walz et al., 1976) and typically only around 1% of neurons contain LATs (e.g. Tenser et al., 1989) or reactivatable virus (Nicholls & Blyth, 1989) . These data suggest that latently infected cells each contain hundreds of HSV DNA molecules implying, in contrast to studies using replication-defective viral mutants, that HSV DNA is amplified during or after establishment of latency.
We have examined the relationship between viral DNA replication and establishment of latency using an experimental system that makes novel use of the segmental innervation of mouse flanks. In mice, the thoracic region of the PNS is divided into 13 structural segments (T1 to T13), each innervating corresponding segments of skin (dermatomes). The distribution of acute and latent infection in the PNS can be mapped with precision after introduction of a virulent strain of HSV-1 into the midflank skin of C57BL/10 mice (Speck & Simmons, 1991) . Productive infection, as judged by virus recovery and the presence of viral antigens and mRNA, was previously shown to be restricted to ganglia innervating the site of inoculation whereas latent infection, assessed by the presence of LAT + neurons and reactivation in vitro, was much more widespread. In this system we recently identified two patterns of persistence of HSV DNA sequences, distinguished by either a low (eight to 24) or high (> 200) number of viral genomes/ LAT + cell (Simmons et al., 1992) . We concluded that HSV DNA is not distributed evenly among the cells in which it resides and proposed that the low and high copy number patterns of latency identified by our study reflect persistence of input (i.e. unamplified) and progeny (i.e. amplified) DNA sequences, respectively. In view of the possibility that input and progeny DNA molecules may persist in different structural configurations, with potentially different biological consequences, we reasoned that useful advances in our understanding of latency might be made by further characterization of latent DNA.
In an extension of previous work, we now confirm that the amount of HSV DNA is greatest in spinal ganglia associated, anatomically, with viral replication during the acute phase of infection and show that transcriptional activity during latency does not correlate with the amount of viral DNA recovered from corresponding ganglia. Further, we describe for the first time direct detection, quantification and characterization of HSV DNA sequences by Southern hybridization in the PNS of mice latently infected with a strain of HSV-1 (TKDM21) that cannot replicate in neurons. Each LAT + neuron contained, on average, 22 TKDM21 genomes in an 'endless' configuration, consistent with persistence of input HSV DNA in a circular or integrated state.
In order to limit the spread of infection and maximize survival, C57BL/10 mice (Specific Pathogen-Free fa- (lanes 4 to 9 respectively), reconstructions for quantification purposes using 0.5 and 0.05 HSV genome copies/cell (lanes 1 and 2 respectively) and uninfected mouse spleen DNA (lane 3). Samples (10 gg) of DNA were digested with BamHI, transferred to nitrocellulose and hybridized to a 32P-labelled HSV-specific probe (pBAZ-1). The arrowhead indicates the 3-5 kb BamHI Q fragment of HSV-I.
cility, Animal Resources Centre, Perth, Western Australia) were used. Adult animals were infected (day 0) with 10 gl (3 x 106 p.f.u./ml) of a virulent HSV-1 strain, SC16 (Hill et al., 1975) by scarification of the left flank skin with a 27-gauge needle (Simmons & Nash, 1984; Speck & Simmons, 1991) at the T7/T8 dermatome. On day 25 after infection mice were killed and ganglia from spinal levels T7 to T12 were removed for extraction of DNA (65 animals) or total RNA (70 animals). Another four mice were perfused with periodate-lysine-paraformaldehyde (PLP) (McLean & Nakane, 1974) and their spines were removed for enumeration of LAT + neurons. DNA samples from segmentally pooled ganglia were digested with BamHI and analysed by Southern blot hybridization using a cloned a2P-labelled probe (pBAZ-1) from the thymidine kinase region of HSV-1 (strain F) (Simmons et al., 1992) . Filters were washed at a final stringency of T~-15 °C and bound probe was detected by phosphor image analysis (PhosphorImager 400, Molecular Dynamics) (Fig. 1 ). Bands were quantified in relation to the 0-05 copies/cell reconstruction, using ImageQuant software (V 3.0, Molecular Dynamics) ( Table 1) . HSV DNA was detected at all spinal levels examined (T7 to T12) and was most abundant at T8. Using guanidine acetate buffer, total RNA was extracted from segmentally pooled ganglia at spinal segments T7, T8 and T9; for technical reasons, the amount of RNA recovered from T10 to T12 was too small for analysis. Samples (T7 to T9) were analysed by Northern blot hybridization using a cloned 32P-labelled probe generated from plasmid pSLAT-4, comprising a t The number of genomic equivalents/LAT + neuron was calculated by assuming that 10 % of ganglionic cells are neurons (Walz et al., 1976) .
3~ NT, Not tested. 786 bp SphI-SphI fragment from the LAT region of HSV-1 (strain 17) cloned into Bluescribe M13-(Stratagene). Filters were washed at a final stringency of T m -15 °C, and bound probe was detected by exposure to a phosphor screen (Fig. 2) . After reprobing filters for the transcripts of a cellular housekeeping gene, mouse flactin (Alonso et al., 1986) , it was found that the loading of total R N A in lane 1 was higher than that of lanes 2 and 3 (data not shown). Subsequently, all ImageQuant values of LAT band intensity were normalized to take into account loading variability. Major LATs (approx.
2.0 kb) were readily detected at T7, T8 and T9 and results were expressed as pixel counts/band (Table 1) , enabling comparison of the relative concentrations of LATs at each spinal level. It was concluded that major LATs were more abundant at T9 than at T7 or T8. A 1.5 kb major LAT species was not detected, most likely because of its low abundance relative to the 2 kb species (Steiner et al., 1988) . In order to assess the relative number of LAT+ primary sensory neurons at each spinal level, PLP-fixed spinal columns were decalcified in 188mM-EDTA, 28 mM-NaH2PO4, 72 mM-Na2HPO~, and coronal sections (5 ~tm) of paraffin-embedded tissue were collected onto slides coated with 3-aminopropyltriethoxysilane (APES). The in situ hybridization (ISH) protocol was a modification of that described previously (Arthur et al., 1993) . Digoxigenin-labelled strand-specific riboprobes generated from plasmid pSLAT-4 were used. Tissue sections were hybridized overnight at T i n -2 5 °C and washed to a final stringency of T m --13 °C. Bound probe was detected using alkaline phosphatase-conjugated antidigoxigenin Fab fragments (Boehringer Mannheim). Multiple sections were used to determine the mean number of LAT + neuronal profiles/ganglionic section, using a 1 mm graticule (Leitz 519-950) to assist counting where necessary. LAT + neurons were detected at all spinal segments examined and were most numerous at T9 and T10 (Table 1) .
Comparison between the number of copies of viral D N A and the number of LAT + neurons in corresponding spinal segments disclosed two patterns of viral persistence, as reported previously (Simmons et al., 1992) . In ganglia from spinal segments T9 to T12 there were 10 to 23 (average 18) HSV genomes/LAT + neuron whereas in segments T7 and T8, which innervated inoculated skin, there were between 122 and 278 (average 200) genomes/LAT + neuron (Table 1) . Fig. 3 . Detection of LATs (black areas) by ISH in nuclei of primary sensory neurons infected with TKDM21. Ganglia were extracted from mice 32 days after infection and sections (5 lam) were hybridized with a strand-specific, digoxigenin-labelled LAT riboprobe (pSLAT-4).
Comparing the number of HSV genomes/LAT + neuron in segments T7 to T9 with the relative concentration of LATs recovered from corresponding sites (Table 1 ) demonstrated a clear dissociation between DNA copy number and transcriptional activity. At T9 the low number of genomes/LAT ÷ neuron (10) corresponded to the highest yield of LATs, whereas at T7 and T8 there were 28-and 12-fold more genomes/LAT + neuron respectively, but fewer viral transcripts.
Based on these and previous data, we hypothesized that the bulk of the D N A recovered from ganglia latently infected with virulent HSV is generated by replication of virus in neurons during the establishment phase. In addressing this hypothesis, we reasoned that establishment of latency with a strain of virus that cannot replicate in the PNS should reduce the number of viral genomes/LAT + neuron in ganglia directly innervating the site of inoculation to within the range 10 to 23. A well characterized thymidine kinase deletion mutant, TKDM21 (Efstathiou et al., 1989) , which replicates in skin but not in neurons, was selected for this study and the experimental system was modified to maximize the number of neurons receiving input genomes, in order to facilitate direct quantification of latent DNA. The inoculation site was extended to include four mid-flank dermatomes (T8 to T l l ) , and the concentration of the inoculum was increased 1000-fold (3 x 109 p.f.u./ml).
Thirty-two days after infection, ganglia innervating the inoculation site (T8 to T11) were pooled and tested for the presence of HSV D N A (18 animals) or LAT + neurons (seven animals). Ganglionic D N A was digested with BamHI and analysed by Southern blot hybridization using a 32P-labelled cloned probe, pBKSP1 (Efstathiou et al., 1986) , spanning the junction region of HSV-1 (KOS). Filters were exposed to a phosphor image screen for 18 h and bands were quantified in relation to reconstructions, using ImageQuant software. To enumerate LAT + neurons, ganglia were fixed in PLP, paraffin-embedded and sections (5 gm) were collected onto APES-coated slides. LATs were readily detected by the method described above (Fig. 3) and, after analysis of 262 ganglionic sections, the mean number of LAT + neuronal profiles/ganglionic section was calculated to be 1.97_+0'14. Inoculation of a high dose of virus into four neurodermatomes made it possible directly to detect input genomes in ganglia of animals infected with replication-defective virus and subsequently relate viral D N A copy number to the proportion of neurons containing LATs. In TKDM21-infected ganglia, all of which had direct neural connections with the inoculation site, there were 0.034 HSV genomes/cell, corresponding to approximately 22 viral genome copies/LAT + neuron. This was in stark contrast to the average number of latent viral genomes/LAT + neuron (approx. 200) in ganglia directly innervating the inoculation sites of mice infected with strain SC16 (Simmons et al., 1992; this report) . Two factors lead us to conclude that a large proportion of SC16 genomes that persist in the PNS are products of viral DNA amplification during the acute phase. First, the major difference between TKDM21 and SC16 is the inability of TKDM21 to replicate in neurons. Second, the estimate of 22 viral D N A copies/LAT + neuron in TKDM21-infected ganglia was similar to the numbers detected in this and a previous study (Simmons et al., 1992) in SC16-infected ganglia at spinal segments not innervating the inoculation site, i.e. sites at which SC16 establishes latency without detectable replication. Taken together, these data strongly indicate that viral D N A can persist in the PNS either before or after amplification in neurons. We note that Margolis et al. (1992) were not able to demonstrate persistence of replicated viral DNA in the PNS of mice following inoculation of HSV-1 strain KOS(M) directly into the sciatic nerve and suggest that, under these conditions, the high number of input genomes/LAT + neuron (up to 140) may have masked products of viral DNA replication. TKDM21 D N A recovered from latently infected mice 27 days after infection lacked free genomic termini (Fig.  4) , superfically resembling the structure of wild-type HSV latent DNA. Most likely, the endless nature of latent TKDM21 DNA represents a circular episomal structure, corresponding to the proposed configuration of initial templates for DNA replication in infected cells (Poffenberger & Roizman, 1985; Garber et al., 1993) . However, we have not excluded integration of this DNA into host genetic material. In this respect, we note that two previous reports have indicated that at least a proportion of viral DNA recovered from tissue latently infected with replication-competent virus may be integrated into host cell DNA (Puga et al., 1984; Mellerick & Fraser, 1987) . Given the possible limitations in the sensitivity of detection of LAT + neurons, 10 to 23 genomes/cell may represent an over-estimation of latent input DNA copy number. Nonetheless, there is an intriguing similarity between this estimate and the average number of subnuclear foci of LATs (13 to 14) detected in latently infected neuronal nuclei (Arthur et al., 1993) . It is becoming increasingly apparent that focal accumulations of RNA transcripts in cell nuclei represent sites of transcription (Xing et al., 1993) and, in the case of Epstein-Barr virus-infected cells, foci of latent transcripts are thought to mark the location of individual viral genomes (Xing & Lawrence, 1991) . Further studies will be required to determine whether a burden of the 10 to 23 latent genomes/LAT + neuron truly represents input DNA or whether there is limited replication of HSV DNA during or after the establishment phase, for instance by interaction of cellular enzymes with the viral genomes, as suggested by Sears & Roizman (1990) .
The transcriptional activity of the bulk of the DNA recovered from ganglia after infection with virulent HSV, its location, biological significance and structure remain uncertain. Our data strongly imply that most viral DNA sequences that persist in the PNS may be transcriptionally silent, perhaps resembling the repressed nature of the viral genome in autonomic ganglia (Redahl & Stevens, 1992) . Alternatively, the level of transcription from each latent viral genome may be greatly reduced when a large number (approx. 200) of genomes are present in a single cell. With respect to the structure of latent HSV DNA, previous studies indicate a predominance of episomal molecules (Mellerick & Fraser, 1987 ) that lack free genomic termini (Rock & Fraser, 1983; Efstathiou et al., 1986 ) compatible with a circular or concatemeric configuration. Concatemers are formed during HSV DNA replication (Jacob et al., 1979) and consequently, if the DNA has been amplified inside the cells in which it persists, then the bulk of the latent DNA is most likely concatemeric in structure. In contrast, unamplified DNA, which represents only a small fraction of the total, is more likely to be circular, or integrated into host DNA. Whether the bulk of the persistent DNA is sequestered in a reactivatable form in neurons or other resident cells of the PNS remains to be shown.
